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Water movement across the mammalian cortical collecting duct
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One of the cardinal tasks of the kidney is to functionally
separate water absorption from solute absorption, thereby
maintaining constant extracellular fluid volume, intracellular
fluid volume, and body fluid osmolality despite wide daily
variations in water and solute intake. While most cell plasma
membranes are freely permeable to water, the function of
certain epithelia concerned with vectorial transport of water
across the cell is critically dependent upon the ability to alter
rapidly and reversibly the water permeability of one of its
plasma membranes, the apical membrane, while maintaining
the basolateral membrane freely permeable to water. This latter
phenomenon is noted most dramatically in the regulation of
water permeability of terminal nephron segments by the antidi-
uretic hormone (ADH). For example, in the mammalian cortical
collecting duct, ADH increases the water permeability of apical
plasma membranes by about an order of magnitude without
altering solute permeability to any significant degree. How
these apical plasma membranes effect this remarkable transfor-
mation is a major question in membrane biology and remains an
area for major inquiry.
Recent experimental observations on the in vitro microper-
fused collecting duct, coupled with advances in our understand-
ing of the nature of water permeation across unmodified lipid
bilayers and across bilayers modified by channel-forming mole-
cules, may be used to argue that the major route for water
permeation across apical plasma membranes of the ADH-
responsive mammalian collecting duct is through small aqueous
channels which span the lipid bilayer core of these apical
membranes. The effect of ADH may be to increase the number
of these small aqueous channels by directing the incorporation
of "channel containing" cytosolic vacuoles into apical
membranes.
Measurement of membrane water permeability
The water permeability of the collecting duct may be as-
sessed quantitatively by measuring the permeability to tracer
water exchange diffusion at zero volume flow, P0 (diffusional
water permeability coefficient; cm sec); and/or the osmotic
(or hydraulic) water permeability coefficient, expressed either
as Pt (osmotic water permeability coefficient; cm sec) or as
Lp (hydraulic water permeability; cm sec Atm). The
diffusional water permeability coefficient is determined usually
by adding tritium-labeled water (THO) to the aqueous solution
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perfusing the tubule and measuring the rate of THO disappear-
ance from the perfusate into the other aqueous solution bathing
the tubule; net water flow is ordinarily absent. Under these
conditions, P0 may be computed from Fick's first law as:
PD = (1)
where J*.b is the flux of THO (cpm sec cm2) from the
perfusate across the tubule epithelium to the bath, and C* is
the concentration difference of THO between the perfusate and
the bath; ordinarily, the bath contains little or no THO with
respect to the perfusate. Similarly, the diffusional permeability
coefficient for other solutes (PD, cm see1) may be measured
from the unidirectional zero volume flow flux of a labeled i-th
solute species across the tubular epithelium, provided that the i-
th species crosses the epithelium by simple diffusion.
Alternatively, water permeability may be measured by im-
posing a hydrostatic pressure difference (P, Atm) or osmotic
pressure difference (sir, Atm) across an epithelium and measur-
ing the resultant volume flow, J, (cm cm2 sec). Lp, the
hydraulic conductivity of an epithelium or membrane, is given
by L/ir, and for comparison with P0 may be expressed as a
hydraulic conductance term P, given by:
Pf = RT Lp/V (2)
where V is the partial molar volume of water, and R and T
have their usual meanings.
Disparity between P1 and Pj) in the mammalian
collecting duct
It is evident from equations / and 2 arid the preceding
discussion that Pf and P1) will be equal when net water
transport across a epithelium occurs exclusively by a solubility-
diffusion process. Thus, when the values of Pf and P1) are
identical, the rate of water diffusion through the lipid core of a
membrane is sufficient to account for the net volume flux of
water measured across the membrane in the presence of a
transepithelial hydrostatic and/or osmotic gradient. However,
in most cell systems, the process by which water moves across
plasma membranes is more complex than a simple solubility-
diffusion process. This is apparent particularly for ADH-re-
sponsive epithelia, such as the rabbit renal cortical collecting
tubule [1—71, the toad urinary bladder [8—111, and the anuran
skin [12, 13] where the P/P0 ratio exceeds unity in the basal
state, and ADH increases dramatically PD, Pf and the Pf/PD
ratio.
Table 1 lists representative Pf, PD and Pt/PD values, deter-
mined at 23°C, for rabbit cortical collecting ducts in the
presence and absence of ADH [1—7], and for a representative
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Fig. 1. Rate-limiting site for water permeation. Segment of cortical
collecting tubule was perfused with 125 mOsm Krebs-Ringer-phosphate
(KRP) buffer and bathed in 290 mOsm Krebs-Ringer-bicarbonate
(KRB) buffer at 25°C. Time shown below each photomicrograph is that
elapsed after rabbit was sacrificed. At 200 mm ADH was added to the
bath. Interval between small divisions in photomicrograph scale is 2.13
[3].
planar lipid bilayer membrane [14—17]. In the in vitro microper-
fused rabbit cortical collecting tubule, P is more than fourfold
higher than PD in the absence of ADH and more than 13-fold
higher in the presence of the hormone (Table 1) [1—7]. This
hormone-associated increase in the Pf'PD ratio occurs because
of a greater stimulation in osmotic than diffusional water
movement, that is, Pf increases ninefold while PD increases
only threefold.
Furthermore, this antidiuretic hormone-mediated increase in
cortical collecting tubule permeability is highly selective in that,
while ADH increases both the diffusional and osmotic water
permeability, the permeability to small hydrophilic nonelectro-
lytes like urea (PDrc) remains low (Table 1) [1, 4]. The selectiv-
ity may be assessed quantitatively by comparing the f'PD
ratios with and without the hormone. In the absence of ADH,
the Pf'PDrca ratio is similar to that of an unmodified lipid bilayer
membrane (Table 1), but in the presence of this hormone the PI
PDore ratio rises dramatically. Thus, the antidiuretic response
involves a profound increase in the water permeability of the
Rate-limiting site for water and solute transport in the
collecting tubule
Morphological observations of the mammalian collecting
duct to ADH confirm that the final site of ADH action on water
and solute permeability is at the apical (luminal) epithelial
surface [1, 18, 19]. Figure 1 shows the effects of ADH on the
morphology of isolated cortical collecting tubules perfused with
a hypotonic solution (125 mOsm/liter Krebs-Ringer's phosphate
buffer) and bathed with an isotonic one (290 mOsm/liter Krebs-
Ringer's). During the initial period of high water permeability,
the apical surfaces of tubular cells bulge into the lumen and the
cobblestone pattern of the cell margins is visible. After 180 mm
of perfusion, that is, when tubular water permeability is at a
minimum, the cells become flattened and the cell margins
indistinct (middle micrograph, Fig. 1). Finally, within 10 mm of
adding ADH to the bathing solution, the cells swell and bulge
apically, and the cell margins become sharply outlined.
Ganote et al [18] and Grantham et al [191, using transmission
electron micrographs of tubules fixed at various stages in the
ADH response, showed that, in the presence of lumen-to-bath
osmotic flow, there was an increase in the apex-to-base cell
height, intracellular vacuolation, and distention of lateral inter-
cellular spaces. In contrast, these epithelial cells swelled dra-
matically with bathing solution hypotonicity either in the pres-
ence or absence of ADH.
While these observations indicate that the apical surfaces of
ADH-responsive epithelia are the rate-limiting barrier for water
flow and that these surfaces respond to ADH by increasing
water permeability, the data do not indicate whether the
hormone alters the water permeability of apical plasma mem-
branes or ofjunctional complexes. For the mammalian cortical
collecting tubule, Grantham et a! [19] showed that, when cells
were swollen in hypotonic bathing solutions, a return to the
isotonic bathing solution caused dilation of lateral intercellular
spaces and shrinkage of the cells. Thus, these investigators
argued that the primary route for transepithelial water flow was
across apical plasma membranes, then via lateral plasma mem-
branes and intercellular spaces to peritubular media. The issue
has also been addressed on theoretical grounds for toad urinary
bladder and frog skin, with the conclusion that the majority of
transepithelial water flow must be transcellular [20, 21].
Rabbit'
CCT
Table 1. Comparison of water and small solute transport in the cortical collecting tubule"
Pf Pn Pf/PD PD P('PD
ADH gin sec
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cortical collecting tubule which can discriminate more than l0-
fold between water and hydrophilic solutes, for example, urea
with an effective molecular radius less than twice as large as
that of the water molecule.
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Table 2. Effect of luminal hypertonicity on ADH-independent water and urea permeation in cortical collecting tubules°
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290 KRP+
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mOsmil
290 KRB
290 KRB
PD 125 KRP
290 KRP+
290 KRB
290 KRB
0.04
0.22
0.01
0.02
200 urea
Abbreviations are in Table 1; also, P,, inorganic phosphate; KRB, Krebs-Ringer-bicarbonate; KRP, Krebs-Ringer-phosphate.
a The table is adapted from [22].
We examined this problem in another way by comparing
ADH-independent osmotic water permeability and urea perme-
ability for situations in which the permeability properties of
junctional complexes were either unmodified, that is, the con-
trol circumstance, or were altered by exposure to luminal
hypertonicity (Table 2) [22]. It is important to note in this regard
that hypertonicity of apical solutions in other electrically tight
epithelia (for example, toad bladder and frog skin) alters
markedly both the structure and function of these epithelia.
These changes are thought to represent an opening ofjunctional
complexes and include decreases in transepithelial electrical
resistance, increases in junctional complex permeability to
hydrophilic solutes [20, 23—261, and ultrastructural alterations
ofjunctional complexes, observed either by differential interfer-
ence contrast microscopy in vitro [27] or by transmission
electron microscopy of fixed specimens [24, 281,
In addition, when the mucosal solutions bathing such tight
epithelia are made hypertonic with solutes which can penetrate
junctional complexes, osmotic water flow proceeds from serosa
to mucosa but flow of the hypertonicity-producing solute in-
creases in an opposite direction to that of net water flow; this
phenomenon has been termed "anomolous solvent drag." The
experiments to be described below can be interpreted by
assuming that, in the presence of luminal hypertonicity, accel-
eration of solute flux in a direction opposite to solvent flow
indicates that the probe solute has penetrated junctional
complexes.
Table 2 shows the results of experiments designed to evaluate
the effects of luminal hypertonicity on ADH-independent water
and urea flows in isolated cortical collecting tubules. The data
in Table 2 show clearly that, for these circumstances, there
occurred striking rectification of ADH-independent osmosis:
The value of Pf during bath-to-lumen flow was more than
fourfold higher than that for the opposite flow. And important-
ly, with the hypertonic perfusate, the urea flux coefficient
measured from the lumen-to-bath 14C-urea flux was more than
six times greater than the flux coefficient for urea in the bath-to-
lumen direction and higher than that for urea movement in
either direction with isotonic luminal fluids, either with or
without ADH. In other words, luminal hypertonicity produced
by urea resulted in so-called "anomolous solvent drag," or
more explicitly, acceleration of urea flow in a direction opposite
to that for solvent flow.
In accord with the interpretations presented above, this
anomolous solute flow effect may be viewed as indicating that
junctional complexes become more permeable to urea during
luminal hypertonicity induced by urea. Yet during the condition
of high junctional urea permeability, P was 84 lm/sec (Table
2), that is, less than one half of the Pf value observed in the
presence of ADH when urea permeability remains low (Table
1). Thus in the rabbit cortical collecting tubule, bath-to-lumen
volume flow produced by luminal hypertonicity was inadequate
to account for the magnitude of ADH-dependent lumen-to-bath
osmosis, even when luminal hypertonicity increased junctional
complex urea permeability, that is, when it opened junctional
complexes.
These observations are consistent with the view that water
flow through junctional complexes, even when the latter have
relatively high urea permeabilities, is inadequate to account for
the rate of lumen-to-bath (antidiuretic) water flow in the pres-
ence of ADH, when junctional complexes are rather imperme-
able to urea. Consequently, these data argue that lumen-to-bath
water flow proceeds primarily through apical plasma mem-
branes rather than through junctional complexes and that the
water permeability change induced by ADH occurs in the apical
membranes of the collecting duct.
Can increased apical membrane fluidity account for ADH-
induced increase in water permeability?
Based on the solubility-diffusion characteristics of water in
bulk hydrocarbons, [29, 30] one may compute a theoretical Pf of
approximately 40 to 50 jm/sec at 25°C for lipid bilayers in the
liquid crystal state [14, 31]. Since water movement across the
mammalian collecting duct is transcellular (see above), and the
ADH-dependent and ADH-independent values of Pf at 23 to
25°C in cortical collecting tubules (Table 1)11—7] vary by only
fivefold from this theoretical Pf, it is reasonable to ask if the
increase in water permeability of apical plasma membranes with
ADH might be due to alterations in membrane lipid matrix.
A number of investigators have addressed this issue experi-
mentally in ADH-responsive anuran epithelia by comparing the
ADH-mediated changes in water permeability with those of
highly lipophilic solutes which presumably cross lipid mem-
branes by a solubility-diffusion process [32, 33]. In the toad
urinary bladder, Pietras and Wright [32] found that the addition
of ADH caused a modest but significant increase in the perme-
ability of a large number of lipophilic molecules without altering
the selectivity of the membrane for these solutes. Since the
permeabilities of all the lipophilic solutes increased by the same
degree with the addition of ADH, they argued that this repre-
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Table 3. Comparison of Pf and PD for moderately lipophilic solutes in ADH-responsive epithelia and synthetic lipid bilayer membranes
sented a generalized increase in the fluidity of the apical
membrane and that this increase in membrane fluidity account-
ed for the ADH-mediated increase in water permeability.
While such an increase in membrane fluidity may occur with
ADH in anuran epithelia, this change seems to be insufficient to
account for the magnitude of the ADH-mediated change in
water permeability. Thus, Masters, Yguerabide, and Fanestil
[341 measured changes in membrane fluidity in suspensions of
single mucosal cells isolated from the toad urinary bladder by
polarized fluorescence emission spectroscopy utilizing the hy-
drophobic fluorescent probe perylene. Their data indicate that,
while there was approximately a 7% decrease in the microvis-
cosity of the cellular membrane (that is, an increase in mem-
brane fluidity), this would produce only a 6.5% increase in
water permeability, well below the change in water permeabili-
ty which ADH produces on this tissue. In addition, Kachador-
ian et al [35] have recently evaluated the effects of temperature
on apical membrane water permeability, assessed by intramem-
branous particle aggregation (see below), and apical membrane
fluidity, assessed by permeability changes to the moderately
lipophilic solute n-butyramide. The ADH-stimulated osmotic
water permeability, judged in this fashion, was independent of
any temperature-dependent change in apical membrane fluidity,
and therefore Kachadorian et al [351 concluded that ADH
increases apical membrane water permeability by a mechanism
other than by increasing the fluidity of the lipid core of the
membrane.
In the mammalian collecting duct, Grantham [36] has shown
that ADH increases the deformability of apical cell membranes,
suggesting that ADH may cause some change in the physical
properties of that membrane. Although an increase in apical
membrane fluidity may occur, two other lines of evidence
support the conclusion that the ADH-mediated increase in
water permeability in the mammalian collecting duct cannot be
accounted for by an increase in membrane fluidity, and, in
addition, suggest that the water permeation pathway in the
apical membranes of the mammalian collecting duct might be
different from the lipid matrix.
First, in lipid bilayer membranes, the ratio (Pr/PD) of the
osmotic water permeability to the diffusional permeability of a
large number of different solutes remains relatively constant
with changes in membrane lipid matrix. Thus, Finkelstein 117]
found that, when the water permeability of an unmodified lipid
bilayer membrane was altered by changing the lipid composi-
tion (for example, by adding cholesterol or by changing the
phospholipids) or by changing the temperature, the Pt/PD ratio
for individual solutes remained remarkably constant even
though a variety of solutes with vastly different PD values were
tested. In other words, Pf and PD for various solutes vary in
parallel; the finding is not unexpected since, in lipid bilayer
membranes, both water and solute permeation involve diffusion
through the hydrocarbon core of the membrane.
A summary of similar Pt/PD values obtained in our laboratory
for the rabbit cortical collecting tubule is shown in Table 3. A
comparison of the Pr/PD ratios for hydrophilic (Pf/PD; Table
I) or moderately lipophilic (Table 3) solutes indicates that,
either with or without ADH, apical plasma membranes have
water/solute discrimination ratios which are 10- to 1,000-fold
greater than in simple lipid bilayer membranes. Furthermore,
when the water permeability of apical membranes is increased
with ADH, the Pf/PD ratios for moderately lipophilic solutes
increase dramatically. In other words, although a slight increase
in membrane fluidity might occur, as judged by the modest
increase in moderately lipophilic solute permeation produced
by ADH, the ADH-dependent increase in water permeation is
far greater than expected for a homogenous change in mem-
brane fluidity.
Support for such a view is also obtained by comparing the
apparent activation energy values (EA, kcal/mole) for the
transepithelial diffusion of moderately lipophilic solutes with
that for water. As a frame of reference, note that the activation
energy for water or solute permeation across a pure lipid
membrane (termed EAW for water or EAS for solutes) may be
expressed as the sum of two terms: the energy required to break
hydrogen bonds between the test species and neighboring water
molecules (EAHw or EAHS); and the energy needed for the test
species to diffuse through the lipid bilayer core (EA'w or EA's)
[31, 37]. Cohen [37] computed 1.8 kcal/mole to be the
activation energy for hydrogen bond rupture in aqueous solu-
tions for both water and solute molecules. Moreover, in purely
lipid membranes of a given composition at the same tempera-
ture, EA'w and EADS are the same [37], since water and solutes
obviously traverse the same permeation pathway.
The apparent EA values for several moderately lipophilic
solutes in rabbit cortical collecting tubules, either with or
without ADH, are shown in Table 4 [38]. In the collecting
tubule, the ADH-dependent EA values for water and moderate-
ly lipophilic solute permeation are clearly different, 9 to 10
(Table 4) and 16.6 to 19.6 kcal/niole' (Table 4), respectively.
And taking four, three, and two as the number of hydrogen
Pr P[)
Tissue Solute ADH cm sec x
Cortical collecting n-butyramide 20 0.14 143
tubulea
isobutyramide
+
+
186
20
183
0.32
0.12
0.23
581
167
809
Lipid bilayer n-butyramide 24 .102 235
membranes' isobutyramide 24 .107 224
Abbreviations are in Table I; also, PD, diffusional permeability coefficient for other solutes.
a Data are from [38J.
Data are from [17].
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ADH
Pf 8.9 1.5
PD n-butyramide 16.6 1.6
PD isobutyramide — 15.8 1.2
PD antipyrine — 19.6 1.8
Abbreviations: P, osmotic water permeability coefficient; P0, diffu-
sional permeability coefficient; EA, activation energy values for trans-
epithelial diffusion of moderately lipophilic solutes; ADH, antidiuretic
hormone.
a The table is adapted from 1381.
bonds for water, isobutyramide or n-butyramide, and antipy-
rifle, respectively, these EAW and EA" data yield apparent
values of 1.4 and 10.6 to 15.6 kcal!mole for, respectively,
EA°W and EAD5 in apical membranes of cortical collecting
tubules.
These latter data, that is, EA1S exceeds EA°W in rabbit
cortical collecting tubules, indicate that the energetic require-
ments for water transport through apical plasma membranes are
considerably less than those for moderately lipophilic species.
Accordingly, it is reasonable to conclude that the permeation
pathway for water movement through apical plasma mem-
branes differs from the permeation pathways for moderately
lipophilic species. In other words, water traverses a specialized
permeation pathway, presumably aqueous, rather than the
hydrophobic core of apical plasma membranes. This latter
conclusion is also supported by the observation (compare
above; Table 3) that the water/solute permeation ratio in apical
plasma membranes is considerably greater than that expected
for a simple solubility-diffusion process through the hydropho-
bic core of apical plasma membranes.
What accounts for Pf/PD > 1: The narrow channel
hypothesis
The cortical collecting tubule is not unique with respect to the
disparity between osmotic and tracer measurements of water
permeability; rather, as indicated above, the P1/P0 ratio ex-
ceeds unity in the majority of natural 11—13] and synthetic
membranes [14—171. In general, P may exceed Pj) if a mem-
brane contains pores sufficiently large to permit laminar flow
during osmosis [12, 39, 40], if unstirred layers are present in
bulk solutions [14, 41—43], and/or if a membrane contains pores
sufficiently narrow to preclude side-by-side movement of water
molecules [44—48]. The latter transport process is often termed
single-file" diffusion.
In large or relatively large pores, the P1/Pa ratio exceeds
unity because laminar, or Poiseuille, flow varies with r4 (r =
pore radius) while zero volume flow THO diffusion is propor-
tional to r2. To a reasonable approximation, the relation be-
tween the Pt/PD ratio and pore radius at 25°C in relatively large
pores may be expressed as [491:
Pf/P1) = I + 0.08 r2.
Moreover, solutes able to enter relatively large pores (that is,
have reflection coefficients, cr, less than unity) exhibit an
acceleration of flow in the same direction, or a retardation in the
opposite direction, of water or volume flow. This coupling, or
entrainment, of solute flow to volume flow through relatively
large pores has been termed the "solvent drag" effect [131.
In the mammalian cortical collecting tubule, the ADH-depen-
dent P11P0 ratio of approximately 13 (see Table I) requires,
according to equation 3, an effective pore radius of —12 A. But
it is unlikely that apical membranes of cortical collecting
tubules contain such large pores, since these tubules are
virtually impermeable to small hydrophilic solutes such as urea
(effective hydrodynamic radius °2.2 A), either in the presence
or absence of ADH (see Table 1)11, 4]. Likewise, either with or
without ADH, both sodium chloride and sucrose (effective
hydrodynamic radius a5.2 A) have unity reflection coefficients
in these tubules [4]. Thus, while the Pf/PI) ratio rises in the
presence of ADH, mammalian collecting tubules show no
evidence for the kinds of solute sieving predicted from large
pore theory for the measured range of Pf/P1) ratios.
Alternatively, two other explanations, operating in unison,
might account for the Pf/P1) disparity in cortical collecting
tubules. First, water might traverse apical membranes through
narrow pores, that is, aqueous channels sufficiently narrow to
exclude urea molecules. Such a model would substantiate the
high degree of water/urea discrimination noted in cortical
collecting tubules (Table 1) [1, 41; the fact that, in cortical
collecting tubules, ADH increases P1 and P but not urea
permeability (Table 1) [1. 4]: and as discussed above, the
observation [39] that, in cortical collecting tubules, EA'W is
considerably lower than EADs for moderately lipophilic species.
In quantitative terms, we note that, for membranes contain-
ing aqueous channels sufficiently narrow (that is, effective radii
2 A) to preclude side-by-side passage of water molecules,
water transport will follow single-file kinetics and the relation
[44—48]
PI/PD = (4)
obtains, where n is the average number of water molecules
occupying a channel. In qualitative terms, equation 4 may be
rationalized by noting that, in an osmotic experiment, each
water molecule traversing a narrow channel contributes to the
measured net volume flow. However, in a zero volume flow
experiment, the movement of a THO molecule through a
narrow channel will, in general, be accompanied by the ex-
change diffusion of (n — 1) unlabeled water molecules. Hence
in experimental terms, the P1/P0 ratio in this circumstance will
be given by n.
Moreover, a diffusion resistance, either cytosolic or bulk
solution, in a series with apical membranes might also impede
THO diffusion at zero volume flow but not net volume flow
during osmosis. In that instance, the total resistance to THO
diffusion, that is, l/Po (sec/cm I), would be expressed as the
sum of two resistances: due to water diffusion through apical
plasma membranes (that is, 1/P1 for a homogenous apical
membrane, or, from equation 4, n/P1 for apical plasma mem-
branes containing narrow aqueous channels); and the diffusion
resistance, termed R (sec/cm I), in a series with apical mem-
branes. Thus, for narrow channels in apical membranes in a
(3) series with a postapical membrane diffusion resistance, I/P0
may be expressed as:
I/PD nW/Pf + R. (5)
Table 4. Apparent activation energies for water and moderately
lipophilic solutes in cortical collecting tubules
Coefficient
Apparent EA, kcal mole
ADH
9.35 0.92
19.4 1.6
0I
b
x
a
a-
a-
I-
X 10 (°K sec cm1 poise 1)
= (/3 x)/D°
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(6)
(7)
(8)
38°C 23°C 6°C
+ + +
20
16
12
8
y = 5.9x + (9.04)(10)
r = 0.99
= 5.9 0.9
13 = 9.4 1.3
84
Tin P
12 16
ij is the bulk aqueous viscosity corresponding to the tempera-
ture, T. By substituting the above relation in equations 5 and 6
we obtain:
_L = +
PD Pf q5T
and by rearranging:
T
= n + R0 where R0 = --- = constant. (9)
SPD iPf
Figure 2 shows one experimental way of evaluating the
parameters in equation 5 for the cortical collecting tubule, that
is, by measuring ADH-dependent P and P values over the
range 6 to 38°C and plotting these data according to equation 9.
A close linear relation was obtained, as predicted by equation 9,
which yielded a /3 value of 9.4 1.3, computed from the zero
intercept, and an n value of 5.9 0.9 water molecules,
computed from the slope. In other words, the results in Figure 2
indicate that two factors, operating in unison, can account for
the Pt/PD disparity in mammalian cortical collecting tubules:
water transport through apical membranes via single-file diffu-
sion through narrow aqueous channels; and a postapical mem-
brane diffusion resistance having a /3-value of approximately 10.
The latter value is in close accord with the earlier estimate of
the diffusional constraints produced by the cytosolic pathway of
mammalian cortical collecting tubules [3].
The n value of approximately 6 obtained for apical mem-
brane channels of the rabbit cortical collecting tubule is remark-
ably similar to that obtained for single-file gramicidin A chan-
nels in lipid bilayers [47, 48]. In addition, since gramidicin A
channels [52] are virtually impermeable to urea, such narrow
aqueous channels could substantiate the remarkable degree of
water:urea selectivity [(Pf/PDre) l0] (Table 1) in apical plas-
ma membranes of cortical collecting tubules.
But while the analogy between ADH-dependent plasma
membrane channels and gramicidin A channels is intriguing,
major differences in the sodium conductances of the two
channels must exist. To illustrate this point, the number of
gramicidin A-like channels required to account for a P of 186 x
i0 cm sec (Table I) can be calculated using the water
permeability of the gramicidin A channel determined by Rosen-
berg and Finkelstein [47, 48], 9.58 x IO5 cm3 sec —l chan-
nel. This yields 2 x 1012 channels cm2 of luminal surface
area, and given the amiloride sensitive sodium conductance of
the cortical collecting tubule determined by O'Neil and Boul-
paep [53] of 0.4 x i0 mS cm2, the maximal sodium conduc-
tance of each apical membrane water channel would be 2 x
l0 mS channel This value is four orders of magnitude less
than the sodium conductance of gramicidin channels.
Can narrow aqueous channels account fbr the characteristics
of water transport in cortical collecting tubules?
If ADH increases the water permeability of apical plasma
membranes of cortical collecting tubules by increasing the
number of narrow aqueous channels within the latter, then the
values of P and PD obtained in the absence of ADH, together
with the /3 value of 9.4 listed in Figure 2, should yield an n
value comparable to that obtained in the presence of ADH (that
is, —6). In fact, we found that, by using the ADH-independent
Fig. 2. Observed P1and P values over the temperature range 6 to 38°C
plotted according to equation (9b). The values of used at the indicated
temperatures were free solution values. The slope of the line is n and
the Y-intercept if R0 [50].
For convenience, R1 may be expressed as:
where Lx is the thickness of the epithelium; D° is the free
diffusion coefficient of water; and /3 is a dimensionless term
expressing the ratio of the diffusion resistance of the epithelium
to that of an equivalent thickness of water [3, 14].
We evaluated the possibility that narrow aqueous channels in
apical plasma membranes, combined with postapical membrane
diffusion resistances (that is, equation 5), might account for the
Pt/PD disparity in cortical collecting tubules by assessing the
temperature-dependence of Pf and PD in the presence and
absence of ADH [50]. Although the R5 term [(/3 x)/D°I
defined in equation 6 is not temperature independent, equation
5 can be transformed into a linear relation over the temperature
range 6 to 38°C by taking advantage of the finding of Wang,
Robinson, and Edelman [51] that, in the range 0 to 55°C, the
free diffusion of water obeys the relation:
(Ds)/T = constant or c/
where 4 has a value of 7.29 x 10_ID cm2 poiseS K' sec', and
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Table 5. Contributions of narrow aqueous channels and
membrane diffusion resistance to the PtIPD ratio
PIIPD = . + BxID°
1/Pr
T Bx/D°
postapical
ADH "C 1/Pr Pf P0
Table 6. Apparent activation energy for water diffusion through apical
plasma membranes in cortical collecting tubules"
Measured Corrected
Parameter activation activation
used to energy, EA" energy, EA°
Temperature calculate - ______
ADH range °C EA kcal mole
— 15 to 25 PD 8.3 8.6
— 25 to 37 P0, 10.0 10.8
+ 6to23 P0 5.5 8.5
+ 23 to 38 P[) 4.9 8.2
— 25to37 P 9.4 —
+ 25to37 P 8.9 —
25 4.5 0.5 5.1
— 37 7.2 1.3 8.7
+ 23 5.9 6.8 12.9
+ 38 5.9 8.8 14.6
"The ADH-dependent values are from Figure 2. The ADH-
independent . values were calculated as described in the text. The P11
P0 ratio was computed using measured P and P0 values at the
indicated temperature [38, 501.
values for P1 and PD obtained at 25 and 37°C together with a p
value of 9.4 (for example, Fig. 2), equations 5 and 6 yield ADH-
independent n values in the range of 4.5 to 7.2 [501. Since the
latter range of values is in close accord with the ADH-
dependent n, value of 5.9 listed in Figure 2, it seems reasonable
to conclude that water transport through apical plasma mem-
branes follows single-file kinetics typical of narrow channels
both in the presence and absence of ADH, and that ADH
increases the number of such channels in apical plasma
membranes.
If the molecular characteristics of the water channels in
apical membranes are not altered by ADH, or temperature,
seemingly a reasonable conclusion in view of the constancy of
n, then what accounts for the marked variation in the Pt-/Pl)
ratio with temperature or with ADH? In this regard, equations 5
and 6 may be rewritten as:
Pf'PD = n + (/3 x/Dw)/(l/Pc). (10)
It is apparent from equation 10 that the Pf/PD ratio can be
viewed as the sum of two terms: a constant term n, represent-
ing the molecular characteristics of apical membrane channels;
and a variable term, (/3 x/D)/(l/Pr), which represents the ratio
of the two major resistance loci, the postapical membrane
diffusion barrier to that of the apical membrane. The values for
each of these terms, with and without ADH and at varying
temperatures, are compiled in Table 5.
The data in Table 5 indicate that, in the ADH-dependent
case, where (/3 x/DW)/(l/P1) is large, the Pf'D ratio exceeds
n; but in the ADH-independent case, the Pc/PD approximates
n. Thus in the collecting duct, while n is static, the PC/PD
ratio varies depending on the ratio of the postapical membrane
diffusion resistance to that of the apical membrane. Tempera-
ture affects both resistances, while ADH affects only the apical
membrane resistance. These data also indicate that the apical
membrane is the primary resistance barrier for ADH-indepen-
dent water diffusion [(/3 .x/D)/( 1/Pc) < 11 while the postapical
membrane resistance dominates the ADH-dependent case
[(1 x/Dw)/(l/Pr) > 11.
Finally, if water movement across apical plasma membranes,
occurs by single file diffusion through aqueous channels of
constant molecular characteristics, then the apparent activation
energies determined using either P1 data or PD data should be
similar. The measured activation energies (EA0) obtained by
us [38, 50] for osmotic water flow (P1) and for tracer water
The table is adapted from [741.
diffusion at zero volume flow (PD) in cortical collecting tu-
bules, with or without ADH, are summarized in Table 6. The
EAObS values for P1, either with or without ADH, and for P) in
the absence of ADH, were twofold greater than that for P1) in
the presence of ADH. Thus, at first glance, these data seem to
diverge from the view that the water permeation channels in
apical plasma membranes have the same molecular characteris-
tics in the presence and absence of ADH.
However, for a /3 value of approximately 10, a significant
fraction of the total resistance to ADH-dependent THU diffu-
sion resides in the diffusion resistance in series with apical
plasma membranes. 1'herefore observed P0 values in the
presence of ADH must be corrected for postapical membrane
diffusion constraints (compare with Table 5). To do this,
equations 5 and 6 may be rewritten as:
c—I 1 Px\' PcP1) I i I — (11)\ 1—'w / n
where p0C is the permeability coefficient for THU diffusion
through apical membrane channels corrected for diffusion resis-
tances in series with apical membranes. Thus the corrected
apparent activation energy for water diffusion through apical
membranes may be defined as:
EAC = R (— — —) In = R (+ — In
(12)
Table 6 lists the values of EA° calculated according to
equation 12 using the corrected P0 values, PDC Without
ADH, EAObS and EA are nearly the same because the postapical
membrane diffusion resistance constitutes only a small portion
of overall resistance, that is, (/3 x/DW°)/(I/P) 1 (see above
and Table 5). These results indicate that, without ADH, apical
membranes are the dominant resistance locus for THU diffu-
sion. With ADH, the calculated values of EAC are about twice
as great as EA0, because the postapical membrane resistance
constitutes the majority of the resistance to THO diffusion, that
is, (/3 x/D°)/(l/P1) > 1 (see Table 5). Thus, the ADH-
dependent values of EA' are closely comparable to the mea-
sured EA values for ADH-independent THU diffusion and to
the measured values of EA for P1 determinations, with or
without ADH (see lower part of Table 6).
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These calculations indicate that, with or without ADH, the
energetic requirements for zero volume flow water diffusion, or
net water flow, through apical plasma membrane channels
remain constant. In other words, the data support the view that
the molecular characteristics of narrow aqueous channels in
apical membranes of these tubules are the same, with or
without hormone.
Structural apical membrane changes
associated with ADH action
Over the past decade, structural studies of ADH-responsive
anuran epithelia (principally toad and frog urinary bladders)
have led to the appreciation that a number of ultrastructural
changes occur in the apical membranes of granular cells in
association with the application of serosal ADH. Using the
freeze-fracture technique, Chevalier, Bourguet, and Huzon 154]
were the first to report the aggregation of apical membrane
intramembranous particles, presumably representing mem-
brane proteins, in frog urinary bladders treated with oxytocin.
Katchadorian, Wade, and DiScala [55] reported similar apical
membrane aggregates in toad urinary bladder exposed to ADFI
and demonstrated that the aggregates are organized in rows.
While there are no definitive data indicating that these
aggregates represent the putative ADH-induced water chan-
nels, a large body of evidence has accumulated indicating that,
at a minimum, these aggregates are associated with the ADH-
induced increase in apical membrane water permeability. Thus,
the appearance of aggregates depends on the serosal application
of ADH [54—601, cAMP [56—58] and/or dehydration, but not
hydration [59]; it is independent of an imposed osmotic gradient
[56, 58] and can be inhibited by drugs, such as methohexitol,
which selectively inhibit the ADH-induced increase in water
flow, but not by phloretin, which inhibits ADH-induced urea
but not water movement [61]. While the number and/or cumula-
tive area of aggregates has been correlated with the level of
ADH-induced osmotic water flow in many circumstances [56—
58, 60, 62], under certain conditions they are not. Thus when
the time course of aggregate accumulation was studied at short-
time intervals after the application of ADH in toad urinary
bladder, aggregate accumulation was maximal before osmotic
water flow peaked [631, and when ADH-stimulated water flow
declines after 60 mm of hormone exposure the aggregate
number did not [64].
This dissociation between ADH-induced intramembranous
particle aggregation and net water flow does not necessarily
mean a lack of association between aggregation and the water
permeability of apical membranes. Recent observations in toad
urinary bladders [651 using cytochalasin B, a toxin which
prevents polymerization of intracellular actin filaments or mi-
crofilaments, indicate that while this toxin inhibits the maximal
increase in osmotic water flow induced by Al)H, it does not
prevent the ADH-induced increase in THO diffusion. And
associated with these effects, the toxin produces marked granu-
lar cell swelling and the formation of large intracellular water
filled vacuoles or "lakes" [66]. These studies were interpreted
[65, 661 to indicate that cytochalasin B inhibits water flow by
disrupting the cellular or cytosolic pathway for water move-
ment and not by decreasing the water permeability of the apical
membrane.
Finally, in the absence of ADH stimulation, similar aggre-
gates have been identified in both toad [67] and frog [681 urinary
bladders in vacuole membranes beneath the apical membranes
of granular cells. In the presence of ADH the number of
aggregate-containing vacuoles decreased markedly, and occa-
sionally these vacuoles have been seen fusing with the apical
membrane [67, 68]. The frequency of these so-called fusion
events, seen on freeze-fracture sections of apical membranes in
response to ADH, seems to correlate with the accumulation of
aggregates [67, 68] and has led to the hypothesis that the water
permeation sites are "shuttled" on the membranes of these
vacuoles to the apical membrane under the influence of ADH
[67]. Indeed, an increase in apical membrane capacitance,
which is indicative with an increase in apical membrane area,
has been demonstrated recently in ADH-treated toad urinary
bladders [67, 69]. However, it is unlikely that fusion of these
aggregate-containing vacuoles with the apical membrane can
account entirely for the rather large increase in apical mem-
brane capacitance [67]. Recently, electronmicrography has
demonstrated that the surface topography of granular cells
changes from broad ridge-like villous structures to fine micro-
villous structures in the presence of ADH. While this change in
surface topography could account for the increase in apical
membrane area, water flow can be dissociated from this apical
membrane surface alteration [701. Thus the significance of the
increase in apical membrane capacitance to the ADH-induced
increase in apical membrane water permeability is not clear.
While extensive structural studies have not yet been per-
formed using mammalian collecting ducts, apical intramem-
branous particle aggregates have been identified in medullary
collecting ducts from rat [71, 72], and in outer medullary and
cortical collecting tubules of rabbits where the aggregates are
confined to the apical membranes of principal cells [73]. The
particle aggregates in these mammalian tubules are similar to,
but not identical with, those of anuran epithelia [73]. While
these apical membrane aggregates appear to be related to the
establishment of antidiuresis [72], further studies are necessary
to determine whether these aggregates in the mammalian col-
lecting duct correlate as closely with water flow as do those of
anuran epithelia, and whether these aggregates represent the
structural proteins which make up the putative water channels
in the apical membranes of these ADH-responsive cells.
Acknowledgment
This work was supported in part by grants 7R01 AM26554 and SRO1
AM25540 from the National Institutes of Health and PCM 79-06802
from the National Science Foundation.
Reprint requests to Dr. S. C. Hebert, Division of Nephrology,
University of Texas Medical School, P.O. Box 20708, Houston, Texas
77025, USA
References
1. GRANTI-IAM JJ, BURG MB: Effect of vasopressin and cyclic AMP on
permeability of isolated collecting tubules. Am J Physiol 211:255—
259, 1966
2. GRANTHAM JJ, ORLOFF J: Effect of prostaglandin E, or the
permeability response of the isolated collecting tubule to vasopres-
sin, adenosine 3' ,5'—monophosphate, and theophylline. J Clin
Invest 47:1154—1 161, 1968
3. SCHAFER JA, ANDREOL! TE: Cellular constraints to diffusion. The
effect of antidiuretic hormone on water flows in isolated mammali-
an collecting ducts. J Clin Invest 51:1264—1278, 1972
534 Hebert and Andrea/i
4. SCHAFER JA, ANDREOLI TE: The effect of antidiuretic hormone on
solute flows in mammalian collecting tubules. J C/in Invest
51:1279—1286, 1972
5. GROSS JB, IMAI M, KOKKO JP: A functional comparison of the
distal convoluted tubule. J C/in Invest 55:1284—1294, 1975
6. HALL DA, BARNES LD, DOUSA TP: Cyclic AMP in action of
antidiuretic hormone: Effects of exogenous cyclic AMP and its new
analogue. Am J Physio/ 232:F368—F376, 1977
7. HALL DA, GRANTHAM JJ: Temperature effect on ADH response of
isolated perfused rabbit collecting tubules. Am J Physiol 239:F595—
F601, 1980
8. HANDLER JS, PRESTON AS: Vasopressin-elicited refractiveness of
the response to vasopressin in toad urinary bladder. Am J Physio/
240:F551—F557, 1981
9. HAYS RM, LEAF A: Studies on the movement of water through the
isolated toad bladder and its modification by vasopressin. J Gen
Physio/ 45:905—919, 1962
10. HAYS RM, FRANKI N: The role of water diffusion in the action of
vasopressin. J Membr Biol 2:267—276, 1970
11. HAYS RM: The movement of water across vasopressin—sensitive
epithelia, in Current Topics in Membranes and Transport, edited by
BROMER F, KLEINZELLER A. New York, Academic Press, vol. 3,
pp. 339—366, 1972
12. KOEFOED-JOHNSEN V, USSING HH: The contributions of diffusion
and flow to the passage of D20 through living membranes. Acta
Physio/ Scand 28:60—76, 1953
13. ANDERSEN B, USSING HH: Solvent drag on non-electrolytes during
osmotic flow through isolated toad skin and its response to antidi-
uretic hormone. Ada Physio/ Scand 39:228—239, 1957
14. CASS A, FINKELSTEIN A: Water permeability of thin lipid mem-
branes. J Gen Physio/ 50:1765—1784, 1967
15. VREEMAN l-IJ: Permeability of thin phospholipid films. Proc KNed
Akad Wet Ser B 69:542—577, 1966
16. GALLUCCI E, MICELLI S, LIPPE C: Non-electrolyte permeability
across thin lipid membranes. Arch mt Physio/Biochim 79:881—887,
1971
17. FINKELSTEIN A: Water and nonelectrolyte permeability of lipid
bilayer membranes. J Gen Physiol 68:127—135, 1976
18. GANOTE CE, GRANTHAM JJ, MOSES HL, BURG MB, ORLOFF J:
Ultra—structural studies of vasopressin effect on isolated perfused
renal collecting tubules of the rabbit. J Ce// Bio/ 36:355—367, 1968
19. GRANTHAM ft GANOTE CE, BURG MB, ORLOFF J: Paths of
transtubular water flow in isolated renal collecting tubules. J Ce/I
Biol 41:562—576, 1969
20. DIBONA DR, CIVAN MM: Pathways for movement of ions and
water across toad urinary bladder. 1. Anatonic site of transepithelial
shunt pathways. JMemhrBio/ 12:101—128, 1973
21. MACROBBIE EAC, UssiNo HH: Osmotic behavior of epithial cells
of frog skin. Acta Physio/ Scand 53:348—365, 1961
22. SCHAFER JA, TROUTMAN SL, ANDREOLI TE: Osmosis in cortical
collecting tubules. ADH-independent osmotic flow rectification. J
Gen Physio/ 64:228—240, 1974
23. LINDLEY BD, HosHiKo T, LEB DE: Effects of D20 and osmotic
gradients on potential and resistance of the isolated frog skin. J Gen
Physiol 47:773-793, 1964
24. USSING HH, WINDHAGER EE: Nature of the shunt pathway
through frog skin epithelium. Acta Physio/ Scand 61:484—504, 1964
25. USSING HH: Anomalous transport of electrolytes and sucrose
through the isolated frog skin induced by hypertonicity of the
outside bathing solution. Ann NYAcad Sci 137:543—555, 1966
26. DE BERMUDEZ L, WINDHAGER EE: Osmotically induced changes
in electrical resistance of distal tubules of rat kidney. Am J Physio/
229:1536—1546, 1975
27. DIBONA DR: Direct visualization of epithelial morphology in the
living amphibian urinary bladder. J Membr Biol 40:45—70, 1978
28. ERLIJ D, MARTINEZ-PALOMO A: Opening of tight junctions in frog
skin by hypertonic urea solutions. J Membr Biol 9:229—240, 1972
29. SCHATZBERG P: Solubilities of water in several normal alkanes from
C7 to c16. J Physiol Chem 67:776—779, 1963
30. SCHATZBERG P: Diffusion of water through hydrocarbon liquids. J
Po/ym Sci C 10:87—92, 1965
31. PRICE HD, THOMPSON TE: Properties of lipid bilayer membranes
separating two aqueous phases: Temperature dependence of water
permeability. J Mol Bio/ 41:443—457, 1969
32. PIETRAS RJ, WRIGHT EM: The membrane action of antidiuretic
hormone (ADH) on toad urinary bladder. J Me,nhrBio/ 22:107—123,
1975
33. FINKELSTEIN A: Nature of the water permeability increase induced
byanti—diuretic hormone (ADH) in toad urinary bladder and related
tissues. J Gen Phy,viol 68:137—143, 1976
34. MASTERS BR, YGUERABIDE J, FANESTIL DD: Microviscosity of
mucosal cellular membranes in toad urinary bladder: Relation to
antidiuretic hormone action on water permeability. J Membr Bio/
40:179—190, 1978
35. KACI-IADORIAN WA, MULLER J, RUDICH 5, DISCALA VA: Relation
of ADH effects to altered membrane fluidity in toad urinary
bladder. Am J Physio/ 240:F63—F69, 1981
36. GRANTHAM JJ: Vasopressin: Effect on deformability of urinary
surface of collecting duct cells. Science 168:1093—1095, 1970
37. COHEN BE: The permeability of liposomes to nonelectrolytes. I.
Activation energies for permeation. J Membr B/al 20:205—234, 1975
38. AL-ZAI-TID G, SCHAFER JA, TROUTMAN SL, ANDREOLI TE: Effect
of antidiuretic hormone on water and solute permeation, and the
activation energies for these processes in mammalian cortical
collecting tubules. J Membr Bio/ 3l:l03—l29, 1977
39. PAPPENHEIMER JR, RENKIN EM, BONERO LM: Filtration diffusion
and molecular sieving through peripheral capillary membranes. Am
JPhysio/ 167:13—46, 1951
40. PAPPENI-IEIMER JR: Passage of molecules through capillary walls.
Physio/ Rev 33:387—423, 1953
41. DAINTY J: Water relations of plant cells. Adv Bot Res 1:279—326,
1963
42. DAINTY J, HOUSE CR: "Unstirred layers" in frog skin. J Physiol
(Lond) 182:66—78, 1966
43. ANDREOLI TE, TROUTMAN SI,: An analysis of unstirred layers in
series with "tight" and "porous" lipid hilayer membranes. J Gen
Physio/ 57:464—478, 1971
44. LEA EJA: Permeation through long narrow pores. J Theor Biol
5:102—107, 1963
45. DICK DAT: Ce/I Water. London, Butterworths, 1966, pp. 102—Ill
46. LEVITT DG: A new theory of transport for cell membrane pores. I.
General theory and application to red cell. Biochim Biophys Acta
373:115—131, 1974
47. ROSENBERG PA, FINKELSTEIN A: Interaction of ions and water in
gramicidin A channels. Streaming potentials across lipid bilayer
membranes. J Gen Physiol 72:327—340, 1978
48. ROSENBERG PA, FINKELSTEIN A: Water permeability of gramicidin
A—treated lipid bilayer membranes. J Gen Physiol 72:341—350, 1978
49. ROBBINS E, MAURO A: Experimental study of the independence of
diffusion and hydrodynamic permeability coefficients in collodion
membranes. J Gen Physio/ 43:523—532, 1960
50. HEBERT SC, ANDRE0II TE: Interactions of temperature and ADH
on transport processes in cortical collecting tubules. Am J Physiol
238:F470—F480, 1980
51. WANG JH, ROBINSON CV, EDELMAN IS: Self-diffusion and struc-
ture of liquid water. III. Measurement of the self-diffusion of liquid
water with H2, H3 and 018 as tracers. JAm Chem Soc 75:466—470,
1953
52. FINKELSTEIN A: Aqueous pores created in thin lipid membranes by
the antibiotics nystatin, amphotericin B and gramicidin A: Implica-
tions for pores in plasma membranes, in Drugs and Transport
Processes, edited by CALLINGHAM BA, Baltimore, University Park
Press, 1974, pp. 241—250
53. O'Nri RG, BOULPAEP EL: Effect of amiloride on the apical cell
membrane cation channels of a sodium-absorbing, potassium-
secreting renal epithelium. J Membr Bio/ 50:365—387, 1979
54. CHEVALIER J, BOURGUET J, HUGON JJ: Membrane associated
particles: Distribution in frog urinary bladder epithelium at rest and
after oxytocin treatment. Cell Tiss Res 152:129—140, 1974
55. KACHADORIAN WA, WADE JB, DISCALA VA: Vasopressin: In-
duced structural change in toad bladder luminal membrane. Science
190:67—69, 1975
56. BOURGUET J, CHEVALIER J, HUGON JJ: Alterations in membrane—
associated particle distribution during antidiuretic challenge in frog
urinary bladder epithelium. Biophys J 6:627—639, 1976
Mamma/ian cortical collecting duct 535
57. CHEVALIER J, PARI5I M, BOURGIJET J: Particle aggregation during
antidiuretic action. Some comments on their formation. Biol Ce//u-
laire 35:207—210, 1979
58. KACHADORIAN WA, WADE JB, UITERWYK CC, DISCALA VA:
Membrane structural and functional responses to vasopressin in
toad urinary bladder. J Membr Biol 30:381—401. 1977
59. WADE JB: Specialization of the toad urinary bladder revealed by
freeze—fracture technique. Ill. Location, structure and vasopressin
dependence of intramembrane particle arrays. J Membr Biol
40:281—297, 1978
60. WADE JB, KACHADORIAN WA, DISCALA VA: Freeze-fracture
electron microscopy: Relationship of membrane structural features
to transport physiology. Am J Physiol 232:F77—F83, 1977
61. KACHADORIAN WA, LEVINE SD, WADE JB, DISCALA VA, HAYS
RM: Relationship of aggregated intramembranous particles to wa-
ter permeability. J Clin Invest 59:576—581, 1977
62. PARISI M, CHEVALIER J, BOURGUET J: Influence of mucosal and
serosal pH on antidiuretic action in frog urinary bladder. Am J
Physio/ 237:F483—489, 1979
63. DRATWA M, TISHER C, SOMMER JR, CROKER BP: Intramembran-
ous particle aggregation in toad urinary bladder after vasopressin
stimulation. Lab Invest 40:46—54, 1979
64. KACHADORIAN WA, CASEY C, DISCALA VA: Time course of ADH-
induced intramembranous particle aggregation in toad urinary
bladder. Am J Physiol 234:F461—F465, 1978
65. HARDY MA, DIBONA DR: The role of microfilaments in ADH-
induced water flow in toad urinary bladder (abstract). Biophys J
37:267A, 1982
66. DAVIS WL, JONES RG, HAGLER HK, GOODMAN DBP, KNIGHT JP
Intracellular water transport in the action of ADH. Ann NY Acad
Sci 372:118—130, 1981
67. WADE JB, STETSON DL, LEWIS SA: ADH action: Evidence for a
membrane shuttle mechanism. Ann NYAcad Sci 372:106—117, 1981
68. HAYS RM, BOURGUET J, CHEVALIER J: Membrane fusion in the
action of ADH, determined with an ultrarapid freezing technique
(abstract). Kidney Int 2 1:276, 1982
69. PALMER LG, LORENZEN M: ADH-induced membrane capacitance
and water permeability in toad urinary bladder (abstract). Biophys
J 37:268A, 1982
70. LEFURGEY A, DRATWA M, TISHER CC: Effects of colchicine and
cytocholosin B on vasopressin- and cyclic adenosine monophos-
phate-induced changes in toad urinary bladder. Lab In vest 45:308—
315, 1981
71. HARMANCI MC, KACHADORIAN WA, VALTIN H, DISCALA VA:
Antidiuretic hormone-induced intramembranous alterations in
mammalian collecting ducts. Am J Physiol 235:F440—F443, 1978
72. HARMANCI MC, STERN P, KACHADORIAN WA, VALTIN H,
DISCALA VA: Vasopressin and collecting duct intramembraneous
particle clusters: A dose—response relationship. Am J Physiol
239:F560—F564, 1980
73. HARMANCI MC, LORENZEN M, KACHADORIAN WA: Vasopressin—
induced intramembranous particle aggregates in isolated rabbit
collecting duct (abstract). Kidney mt 21:275, 1982
74. HEBERT SC, SCHAFER JA, ANDREOLI TE: The effects of antidiuret-
ic hormone (ADH) on solute and water transport in the mammalian
nephron. J MembrBio/ 58:1—19, 1981
